Abstract: Hyperlens consisted by period plasmonic metamaterials is an interesting technology for the optical imaging of arbitrary objects beyond the diffraction limit in the far field, which has great potential applications in nanophotonics. However, the functionality of previously presented hyperlens is limited to image two-dimensional (2-D) objects and work at a certain wavelength due to the dispersion of metal, dramatically impose restrictions on its practical application. In this paper, we proposed and theoretically demonstrated a multiwavelength tunable hyperlens, with the ability of 3-D imaging by focal plane tuning achieved by electrooptical modulation. The simulation results indicate that full-width half-maximum (FWHM) of minimum imaging spot can be reduced down to the level of less than half-wavelength of the incident in a wide wavelength range real-timely, down to the level of ∼200 nm using visible light illumination. In addition, the focal position of the hyperlens can also be tuned in large spatial scope, which greatly facilitates the application of the hyperlens in optical signal acquisition and processing.
Introduction
Plasmonic metamaterials such as structured noble metal [1] , carbon nanocube arrays [2] , and twodimensional materials [3] have shown unprecedented ability in manipulating light at sub-wavelength dimensions in visible and infra-red wavelength range, exciting a series of research endeavors on sub-wavelength optical imaging and waveguiding [4] , [5] , nano-focusing [6] , and solar energy absorbers [7] - [9] . Superlens and hyperlens consisted by metallic plasmonic metamaterials can be applied in ultra-high resolution optical imaging breaking the well-known diffractive limitation in different dimensions [10] - [15] . Among them, hyperlens can not only obtain sub-wavelength image into the far field, but also realize magnified or demagnified image [16] - [19] . When ordinary evanescent waves enter such anisotropic media, they immediately turn into propagating waves. It is of great interest that their large transverse wave vectors can be gradually compressed as they propagate outwards, until they become small enough to truly propagate in air or surrounding dielectrics outside hyperlens, projecting a magnified image into the far field. However, previously proposed hypenlens would suffer the limitation of single working wavelength application once the structural parameters are fixed, i.e., the device is fabricated. In this situation, if the wavelength of the illumination light diverges from the designed working wavelength, the sharpness of the images would seriously degrade. Thus, multi-wavelength working and focal location tunable hyperlens in real-time is highly desirable, which could further advance its practical applications in various fields, such as biomedical vivo imaging [20] , DNA identification [21] , optical lithography [22] and data storage [23] .
Here we propose the concept of tunable hyperlens which enables imaging quality modification by changing the refractive index of dielectric layer in real-time. Optical materials with ultra-large electrooptical (EO) or thermo-optical coefficients can be used to construct such device. In the simulation, an organic EO material with a large EO coefficient (dn/dE = 3.41 nm/V) [24] , 4-dimethylamino-Nmethyl-4-stilbazolium tosylate (DAST) was used as the dielectric layer of the hyperlens for electrooptically tuning the optical response. DAST has been widely investigated as candidate for high performance EO device fabrication. Recent work performed by Vicario et al. further established DAST-based device can work well under ultra-high electric filed, and the applied electric field of such excellent EO material was increased up to 150 MV/m [25] . Those advantages make DAST very competitive EO material for high-performance optical tunable device fabrication. In this manuscript, we demonstrated, using DAST as reflective index tunable dielectric layers of hyperlens, both the image quality and the focal plane of sub-wavelength objects can be controlled in large scale when the incident wavelength varies. The electric filed distribution of the electro-optical tunable hyperlens under bias voltage was studied by finite element method (FEM). Performance parameters including the full-width half-maximum (FWHM), the level of side lobe and the light intensity of the focus of the tunable hyperlens were systematically investigated through the finite difference time domain (FDTD) numerical method. The ability of modulating the focal position of the device was also investigated. The result shows that the present tunable hyperlens provides a robust approach to realizing realtime light manipulation and sub-wavelength imaging, which shows great potential applications in optical signal acquisition and processing.
Imaging Mechanism of Hyperlens
The structure of typical semi-spherical hyperlens previously presented [16] - [19] is similar to the structure illustrated in Fig. 1 . The main difference is that no electrodes were located onto the inner surface of the device. There are alternating layers of Ag/dielectric with matched thickness.
For a certain object located on the inner surface of such hyperlens, the corresponding subwavelength image is amplified and focused onto the far-field image plane through the hyperlens. The propagation light in the hyperlens scattered by the sub-wavelength object contains wave vector components along different directions. Their phase velocities are determined by the dispersion characteristic of hyperlens as expressed by [16] :
where k ⊥ and k || are wave vector components perpendicular and parallel to the metal-dielectric interfaces, respectively. ε and ε ⊥ correspond to the permittivity parallel and perpendicular to the metal-dielectric interfaces, respectively. According to the effective medium theory, ε and ε ⊥ of the hyperlens can be expressed by [16] - [19] the following equations:
where ε m is the permittivity of the metal, ε d is the permittivity of the dielectric, p is the filling ratio of metal in one pair of layers. When the dispersion curve which is determined by the permittivity of the period structure is infinite flat, the values of phase velocity of propagation light components along different directions become the same. It results in an optimal imaging quality without diffraction, leading to a perfect image in far-field. Here the flatness of the dispersion hyperbolic curve can be directly described by the slope of the asymptote of the curve, K, with an expression derived from (1) as follows:
By considering (2) and (3), the relationship between K and the structural parameters including p, ε and ε ⊥ of the hyperlens can be expressed by:
For a certain structure where the thickness of metal layer is same to that of dielectric layer, i.e., p = 0.5, K can be simplified into:
As seen from (6), for a designed incident wavelength, the optimal imaging condition can be obtained when K = 0 and ε d = −ε m . However, once the incident wavelength diverges from the designed wavelength, the permittivity of metal (ε m ) will change [26] , which influence the value of K and inevitably degrade the imaging quality of the hyperlens. This is the major limitation blocking the application of multi-wavelength utility of hyperlens.
The Concept of Electro-Optically Tunable Hyperlens
To solve the problem mentioned above, we proposed an electro-optically tunable hyperlens as shown in Fig. 1 . Here we use DAST electro-optical material with a large electro-optical coefficient of 10 −3 order as the dielectric layer and add the electrodes to provide external electric filed signals. The permittivity of the DAST can be changed in real-time along with the change of the magnitude of external electric field. In this way, the optimal imaging condition (K = 0) of the hyperlens can be maintained to ensure the image quality when illumination light with different wavelengths is used. The device configuration is described as follows. 20 nm-thick Ag layers and 20 nm-thick DAST layers are alternatively and conformally deposited on the semi-sphere structure etched from a quartz wafer (represented by SiO 2 in Fig. 1 ). The period number N of Ag/DAST layer is set to 10. The Au film and the ITO film act as electrodes. The SiO 2 layer with a thickness of 30 nm was set in the middle of top electrode and the hyperlens structure as an insulating layer. The inner radius of the hypenlens is 240 nm. A single hole in a 30 nm-thick Cr layer with an aperture size of 80 nm located on the inner layer is regarded as the imaging object. Note that, DAST is a strong anisotropic material and the electro-optic modulation is different for each orientation [27] . For practical device fabrication, in order to taking advantage of large electro-optical coefficient of DAST, the orientation of DAST should be carefully controlled as described by [27] . Using this configuration, the electric filed applied onto those two electrodes with magnitude of E can be used to effectively control the refractive index of DAST electro-optically. It leads to a controllable phase change of the surface plasmon polariton (SPP) mode propagating through the hyperlens and eventually determine the focusing position and the imaging quality in real-time.
When the incident wavelength varies from the original working wavelength, the permittivity of metal ε m changes according to the dispersion. Fig. 2 shows the relationship between the slope K and the permittivity of DAST and Ag (correspond to ε d and ε m , respectively). As one can see, for different ε m , there is always an optimized value of ε d to enable the condition of K = 0. Therefore, by electro-optically modulating the value of ε d , the imaging quality can be effectively tuned accordingly.
Simulation Results and Discussion
3D FEM and FDTD numerical modeling was performed to simulate the imaging character of the electro-optically tunable hyperlens. For the configuration described in the above section, the optimized incident wavelength λ = 413 nm when the magnitude of applied electric field of electric signal E = 0 V/nm. When the incident wavelength λ is changed to 459 nm which obviously diverges from the designed optimal wavelength of 413 nm, the imaging quality deteriorated accordingly. In this case, suitable value of electric signal should be applied on the electrodes to recover the imaging quality.
The tuning mechanism and relative simulation results are discussed (shown in Fig. 3 ). The refractive index of the DAST at different electric fields follows the equation n = 2.20 + 3.41 * E , where n is the refractive index of DAST, E is the electric field intensity of DAST layer under applied external electric field [24] . Apparently, the value of n can be effectively tuned in large scale using small value of E beneficial from the utility of DAST with large electro-optical coefficient (shown in Fig. 3(a) ). As n is enabled to tune effectively, K 2 can be tuned to zero effectively in according to the change of E as shown in Fig. 3(b) . As the applied electric field increases from 0 V/nm to 0.1 V/nm, K 2 decreases from 0.022 to 0. The uniformity of electric field distribution across the device is important for imaging performance of the hyperlens. Here we used 3D FEM to simulate the distribution of applied electric field on DAST layers [27] , [28] , as shown in Fig. 3(c) . The electric field was relatively uniform in the region of imaging optical path by optimizing the distance of two electrodes. The arrows in Fig. 3(c) indicate the direction of the electric field generated from the two electrodes, where we can find that the electric field directions inside hyperlens are perpendicular to the surface of the hemisphere, indicating uniform electric potential in each DAST layer was achieved.
In the simulation of imaging performance of hyperlens, we used numerical simulation strategy which is the same as demonstrated in literatures focusing on EO device simulation [24] , [28] , [29] . Considering the anisotropic electro-optical coefficient of DAST, the orientation of DAST crystal should be dedicatedly designed to match the light propagating direction along z axis in hyperlens. Under this assumption, the electro-optical effect in the other two directions was reasonably neglected in our simulation because of the EO coefficients in these two directions are much smaller than that of z-axis in hyperlens [27] . Fig. 4(a) further indicates the dispersion curve for λ = 459 nm under different values of E. It is clearly that the dispersion curve becomes flatter with the increase of E. Taken from 3D numerical simulation result, the accordingly light field intensity distributions at optimized image plane under different values of E are shown in Fig. 4(b) . In the simulation, image plane was set as the plane containing the intensity focus spot and normal to the incident light, as illustrated in Fig. 1 [18] , [30] . It is clearly that the image of the object is more focused when E increased from 0 V/nm to 0.1 V/nm. Furthermore, we quantitatively calculated the performance parameters of the tunable hyperlens including the full width at half maximum (FWHM), the side lobe level [14] (represents the intensity ratio of 1-order diffraction spot to the 0-order diffraction spot), and the maximum light intensity of the image plane as shown in Fig. 4(c) and (d) , respectively. Here, FWHM is defined as the full width at half maximum intensity of the light field distribution on the image plane [13] . The results show that FWHM decreased from 260 nm to 200 nm when E increased from 0 V/nm to 0.1 V/nm. Meantime, the level of side lobe decreased from 0.60 to 0.26. Accordingly, the maximum light intensity of the image plane increased 7 times of that at E = 0 V/nm. The result indicated that all the parameters representing the imaging quality can be improved simultaneously by simply electro-optically tuning the working wavelength of hyperlens.
In addition, focal position (defined as the location of the intensity focus spot outside the outmost surface of hyperlens) of the hyperlens can also be controlled electro-optically in real-time [30] . Focal spot tuning function is of paramount importance for practical applications, which is commonly used in traditional optical microscope. With the ability to tuning the focal position, the hyperlens can be utilized to detect various dynamic targets. Fig. 5 shows the electric intensity distribution on the focal plane and image plane. The distance of the focal spot away from the outside of hyperlens is about 168 nm at E = 0.1 V/nm as shown in Fig. 5(b) compared to that of 125 nm at E = 0 V/nm as shown in Fig. 5(a) , resulting a 43 nm change in focal position. The location change of the focus point is mainly induced by the variation of light transmission path, when the effective refractive index of the tunable hyperlens varies with the increase of applied electric field. Seen from the simulation results shown in Fig. 5(c), (d) , and (e), one can easily observe that the imaging performance of the hyperlens is obviously improved through adjusting electric filed intensity from 0 V/nm to 0.1 V/nm. The ability of controlling the focal position is no doubt a particular advantage of current proposed hyperlens which will greatly extend the practical application of the tunable hyperlens in various fields.
When the FWHM of single object was decreased to a smallest value, the imaging quality of two adjacent spheres can be tuned more efficiently by EO effect. Here, we further discussed the relationship between FWHM and the structural parameters of the proposed hyperlens including the thickness of each layer d and the period number N of Ag/DAST layers. FWHM is the key factor for the evaluation of imaging resolution of hyperlens [13] . FWHM should be tuned to a value as small as possible in real-time to achieve a better imaging resolution for a certain structure. Fig. 6(a) shows the relationship between FWHM and E with different layer thickness from 10 nm to 30 nm for the condition that N = 10. The sharpest curve corresponding to the highest tunable sensitivity is obtained when d = 20 nm. Fig. 6(b) further shows the influence of N on the imaging quality. The results indicated that N = 10 is the best value for this structure.
The function of hyperlens is amplifying the subwavelength image containing detailed information of objects to a size large enough to identify by using conventional optical microscope in far field, as described in [16] - [19] . To demonstrated this function, we set a simulation model to demonstrate the fine-tuning capacity of the hyperlens. Complicated object imaging process containing substantial sub-wavelength morphological information was simulated by 3D numerical modeling, as follows. The single hole embedded in the Cr layer of hyperlens shown in Fig. 1 was replaced by two separated holes (aperture of 80 nm) with a sub-half-wavelength gap of 150 nm. Those structural sizes are much smaller than the wavelength of the illumination light source. Seen from the electric field distribution on image plane in Fig. 7(a) , it is apparently that the morphological characteristic of the two holes can not be identified at all when the incident wavelength (459 nm) is deviated from the original working wavelength (413 nm) without applying external electric filed. Interestingly, the imaging of the two holes becomes more identifiable with the increasing of the external electric filed E. The comparative images shown from Fig. 7(a) to (c) demonstrate the tuning process. When E increased from 0 V/nm to 0.1 V/nm, an optimized imaging was achieved. The morphological distributions of the light intensity at the center of the hyperlens under the tuning condition of these three E were compared and shown in Fig. 7(d) . It is clearly that the two spots can be identified explicitly at E = 0.1 V/nm. We then compared the contrast ratio defined as the light intensity ratio of the midpoint and the focal spot, as shown in Fig. 7(e) . The contrast ratio is decreasing with the applied electric field increasing, which represents that light signal on the image plane can be focused effectively through electro-optical tuning of hyperlens. The simulation result indicated that the image of two holes was amplified by more than 2-fold, and the distance between the holes was also amplified by more than 2-fold without obvious distortion at the optimal value of E by using our designed EO tunable hyperlens which is large enough to identify by optical microscope in far field. It verified the proposed device can be used to image the objects with ultrahigh resolution. It was also observed that the transmitted intensity of the beam is relatively low in such multilayer stack metamaterial structure, similar to which shown in [17] , [18] . The low transmission of hyperlens attributes to the high optical absorption of silver in visible light range. If new plasmonic materials with lower optical loss or gains are used to fabricate hyperlens, the light transmission efficiency of device can be enhanced which will lead to a better imaging quality.
Conclusion
In conclusion, an electrically real-time tunable hyperlens whose dielectric layers constitute by DAST with a large electro-optical coefficient is proposed. The controlling mechanism of the hyperlens has been theoretically elucidated both by analytic derivation and numerical simulation. The unique performances of such tunable hyperlens such as the multi-wavelength imaging and focal spot tunability have been exhibited using 3D numerical modeling. The results indicated when the working wavelength varies from 413 nm to 459 nm, full-width half-maximum (FWHM) was suppressed down to 200 nm, the level of side lobe normalized to the max light intensity was only 0.26, and the light intensity of the focus largely increases to 7-fold. Additionally, the focal position of the device can also be tuned in large scale easily as we demonstrated. The overall advantages of the tunable hyperlens make it unique and particular suitable for various imaging applications requiring dynamic accommodation in real-time.
